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The ring-shaped helicase of bacteriophage T7 (gp4), the product of gene 4, has basic β-hairpin loops lining its central core where they are postulated to be the major sites of DNA interaction. We have altered multiple residues within the β-hairpin loop to determine their role during dTTPase-driven DNA unwinding. Residues His-465, Leu-466, and Asn-468 are essential for both DNA unwinding and DNA synthesis mediated by T7 DNA polymerase during leading-strand DNA synthesis. Gp4-K467A, gp4-K471A, and gp4-K473A form fewer hexamers than heptamers compared to wild-type helicase and alone are deficient in DNA unwinding. However, they complement for the growth of T7 bacteriophage lacking gene 4. Single-molecule studies show that these three altered helicases support rates of leading-strand DNA synthesis comparable to that observed with wild-type gp4. Gp4-K467A, devoid of unwinding activity alone, supports leading-strand synthesis in the presence of T7 DNA polymerase. We propose that DNA polymerase limits the backward movement of the helicase during unwinding as well as assisting the forward movement necessary for strand separation.
beta hairpin | DNA replication | leading-strand synthesis | oligomerization | sliding helicase T he replisome of bacteriophage T7 can be reconstituted using T7 gp5 (DNA polymerase), Escherichia coli thioredoxin (trx) (processivity factor), T7 gp2.5 (ssDNA-binding protein) and T7 gp4 (helicase-primase) (1) . The helicase domain of gp4 places it within the SF4 family of helicases (2) . Like other members of this family, gp4 assembles onto ssDNA as a hexamer, an oligomerization that is facilitated by dTTP (3, 4) . The inherent dTTPase of gp4 is stimulated approximately 40-fold by ssDNA, a stimulation that is required for its unidirectional translocation on ssDNA (4, 5) . However, the molecular mechanism by which ssDNA enhances the hydrolysis of dTTP is not well understood. Although gp4 alone translocates on ssDNA and catalyzes limited unwinding of dsDNA, its major role in replication is manifest when it functions with T7 DNA polymerase within the replisome (1, 6) . DNA synthesis activity of gp5/trx provides the driving force to accelerate DNA unwinding by gp4 (7) . The association of gp5/trx with gp4 during leading-strand DNA synthesis increases the processivity for the 800 nucleotides observed using ssDNA templates to greater than 17 kb per binding event (1) .
The crystal structure of the hexameric gp4 shows a 6-fold symmetric ring with a central core of [25] [26] [27] [28] [29] [30] Å, dimensions that resemble the size and shape of the gp4 hexameric rings seen in electron micrographs (3, 8) . Electron microscopy combined with other studies provides strong evidence that the ssDNA passes through the central core that provides the DNA-binding site. It is proposed that ssDNA transfers from one subunit to the adjacent subunit sequentially (8, 9) . The crystal structure of gp4 also revealed the presence of three loops (loops I, II, and III) that protrude into the central cavity (8) . Earlier mutational data had suggested that residues around loop I (residues 424-439) and loop II (residues 464-475) interact with ssDNA (10, 11). These loops not only extend into the central cavity but they also contain a number of basic residues suitable for binding the negatively charged phosphate backbone of the ssDNA. Of these loops, loop II emanates from helicase motif III and ends with helicase motif IV forming a β-hairpin structure (Fig. 1A) . The amino acid residues from position 465-475 are well conserved in a few other hexameric helicases (Fig. 1B) . The β-hairpin is analogous to the mobile loop L2 of E. coli RecA and the DNA-binding β-hairpin of replicative hexameric helicases of SV40, bovine papiloma viruses, and E. coli (12) (13) (14) (15) . The β-hairpin has three lysine residues and an asparagine that are candidates for electrostatic interaction with the negatively charged backbone of DNA. A genetically altered gp4 with substitutions for all three lysine residues (Lys-467, Lys-471, and Lys-473) shows no significant hydrolysis of dTTP, ssDNA binding, and dsDNA unwinding activities in vitro (9) .
In the present study, we have altered eight amino acid residues in the central β-hairpin region of T7 gp4. The genetic and biochemical properties of the gp4 variants are analyzed in isolation or in association with T7 gp5/trx to envisage the role of the helicase under physiological circumstances. Our results reveal critical roles of several of these residues in unwinding of DNA by the helicase. One of the altered helicases is devoid of unwinding activity alone but nevertheless can support leading-strand DNA synthesis in conjunction with the polymerase.
Results
In vivo Analysis of Alterations in the β-hairpin of Gene 4 Helicase. In order to explore the relevance of each amino acid residue in the β-hairpin loop, the residues at positions from 465 to 473 were substituted with alanine. The resulting constructs were transferred to E. coli strain C 600 and then tested for their ability to complement T7Δ4 phage lacking gene 4 for growth. The results show that gp4-H465A, gp4-L466A, and gp4-N468A do not support the growth of T7Δ4 phage (Table S1 ). However, plasmids encoding for gp4-K467A, gp4-P469A, gp4-D470A, gp4-K471A, and gp4-K473A complement the growth of T7Δ4 phage as well as wild-type gene 4. His-465 cannot be replaced with any other amino acid without a loss of function; however, Leu-466 can be replaced by hydrophobic residues such as isoleucine, valine, or cysteine. These results suggest that the central β-hairpin plays an essential role in T7 helicase function, with His-465, Leu-466, and Asn-468 being critical for function. . The wild type and the altered gp4 were purified as described previously (9) . The purity was greater than 95% as judged by Coomassie staining of proteins after SDS gel electrophoresis. The proteins were examined for their ability to hydrolyze dTTP. All the gp4 variants exhibit similar rates of dTTP hydrolysis (V max : 0.2-0.4 μM · s −1 ) in the absence of ssDNA (Table S2) . However, the hydrolysis of dTTP catalyzed by gp4-H465A, gp4-L466A, and gp4-N468A is not stimulated by the presence of ssDNA. The stimulation in ssDNA-dependent hydrolysis catalyzed by gp4-K467A, gp4-P469A, gp4-D470A, gp4-K471A, and gp4-K473A is about 15-45% of that observed with wild-type helicase (Table S2) . Notably, gp4-K467A, which exhibits only 15% of the wild-type dTTPase activity, is able to support the growth of T7Δ4.
Effect of Alteration in the β-Hairpin of Gp4 on Binding to DNA and on Unwinding Duplex DNA. We measured the ability of each protein to bind to ssDNA in the presence of the nonhydrolyzable analog β, γ-methylene dTTP using a nitrocellulose DNA-binding assay ( Fig. 2A) . The dissociation constants of wild-type and variant gp4s for a 50-mer oligonucleotide are shown in Table S3 . Wildtype gp4 binds the oligonucleotide with a dissociation constant of 26 nM. Under similar conditions, gp4-L466A and gp4-N468A have low affinity for the ssDNA such that the dissociation constants could not be determined ( Fig. 2A) . Gp4-H465A, gp4-D470A, gp4-K471A, and gp4-K473A bind the 50-mer oligonucleotide 2-fold weaker with dissociation constants (kDs) of 41-47 nM. Gp4-K467A has a 10-fold lower affinity for the oligonucleotide (kD: 200 nM) relative to the wild-type gp4. We have also observed the affinity of gp4-K467A (Km-4 nM) for ssM13DNA is about 7 folds weaker than compared with wild-type gp4 (Km-0.6 nM) in dTTP hydrolysis assay (Fig. S1 ). These results suggest that the reduced level (15% of wild-type gp4) of hydrolysis of dTTP in the presence of ssDNA observed with gp4-K467A arises from its lower affinity for ssDNA.
Further, we used a short duplex DNA (see the inset of Fig. 2B ) to measure the DNA unwinding activity of the proteins. In our experimental conditions, gp4-H465A, gp4-L466A, and gp4-N468A did not exhibit any significant level of DNA unwinding ( Fig. 2 B and C). However, gp4-D470A, gp4-K471A, and gp4-K473A retained up to 30% of the activity measured with the wild-type enzyme. Gp4-P469A unwinds the dsDNA substrate as well as does wild-type gp4. Notably, gp4-K467A, which complements the gene 4 functions in vivo, unwinds DNA poorly and exhibits less than 5% of the wild-type activity.
Leading-Strand DNA Synthesis Mediated by Gp5/trx and Gp4. Gp5/trx catalyzes processive DNA synthesis on ssDNA templates, but is unable to catalyze strand-displacement DNA synthesis on duplex DNA. However, the two enzymes, gp4 and gp5/trx, together mediate extensive leading-strand synthesis (16, 17) . We have examined the ability of the various gp4 to mediate leading-strand synthesis with gp5/trx. In this assay, we have used circular double- The dsDNA unwinding activity of gp4 was measured using a DNA substrate (depicted in the inset) consisting of a 5′-32 P-labeled 75-mer oligonucleotide that is partially annealed to a 95-mer oligonucleotide. The substrate has 56 base pairs complementary region with a 39 nucleotides 5′ and 19 nucleotides 3′ overhang. After incubation for 10 min at 37°C the reaction sample was loaded onto a 10% nondenaturing gel. The amount of unwound DNA separated from the duplex DNA substrate by gp4 was determined using a phosphor imager. Error bars represent the standard deviation of three independent experiments. (C) Gel analysis of products of unwinding of DNA. The gel photograph shows a representative picture of the unwinding reactions carried out by gp4 variants. The gel shows the separation of unwound ssDNA from the dsDNA substrate in a 10% nondenaturing gel.
stranded DNA bearing a 5′-ssDNA tail onto which gp4 can assemble (see Fig. 3 Inset). As anticipated, wild-type gp4 enables gp5/trx to mediate leading-strand synthesis (Fig. 3) . Gp4-H465A, gp4-L466A, and gp4-N468A do not support leading-strand DNA synthesis activity. This result may be due to their inability to catalyze nucleotide hydrolysis and DNA unwinding. In addition, it cannot be ruled out that these proteins fail to interact with the polymerase and this impedes their ability to participate in this reaction. Surprisingly, gp4-K467A, which hydrolyzes dTTP at a reduced rate (V max : 1.4 μM · s −1 ), performs a significant level of leading-strand DNA synthesis in association with gp5/trx (Fig. 3) . Gp4-P469A, gp4-D470A, gp4-K471A, and gp4-K473A also support leading-strand DNA synthesis, albeit at a reduced rate (30-50%) as compared to wild-type gp4. The ability of gp4-K467A to support leading-strand synthesis is discussed below.
DNA Unwinding and dTTP Hydrolysis During Leading-Strand Synthesis
Mediated by Gp5/trx and Gp4. We used a minireplication fork (depicted in Fig. 4A ), which provides loading sites for both helicase and polymerase and can be used to measure the unwinding of DNA that accompanies leading-strand synthesis. In this assay, we have used gp5-Exo − ∕trx to avoid the degradation of unwound strands (18) . Wild-type gp4 alone displayed a limited ability to displace the labeled strand (Fig. 4C) . The reason behind such weak unwinding by gp4 may be the presence of the short primer (23nt) which prevents the helicase from interacting with the excluding strand (19) . gp5-Exo − ∕trx alone catalyzes some strand-displacement (Fig. 4 B and C) , an anticipated result since gp5/trx lacking exonuclease activity has been shown to catalyze limited strand-displacement synthesis (16) . Our experimental results also show that wild-type gp4 and gp4-K467A, gp4-K471A, and gp4-K473A (K → A β-hairpin loop proteins) unwind the minireplication fork in association with DNA synthesis catalyzed by gp5-Exo − ∕trx. This finding may explain the strand-displacement DNA synthesis activity mediated by gp4 K → A β-hairpin loop proteins seen in Fig. 3 .
We have also measured the rate of dTTP hydrolysis by gp4 variants in association with the gp5/trx on M13 ssDNA and M13 dsDNA (Fig. S2) . We did not observe any significant difference in the rate of dTTP hydrolysis by the wild-type gp4 or other gp4 variants in association with the gp5/trx on M13 ssDNA. However, we observed a modest increased rate of dTTP hydrolysis on M13 dsDNA in similar reaction conditions. In the latter case, DNA synthesis was coupled to the DNA unwinding in the presence of all four dNTPs. The results demonstrate that the unwinding activity of Gp4-K467A is increased up to 50% of the wild type in association with gp5/trx (Fig. 4 B and C) , however, the rate of dTTP hydrolysis for gp4-K467A is much reduced compared to the wild-type protein, but perhaps this is sufficient for unwinding of the DNA ahead of the advancing DNA polymerase. This result leads us to speculate that the polymerase enhances the unwinding by the helicase at low cost of energy utilization during strand-displacement synthesis. (Table S3 ). In order to investigate the reason behind their weak DNA binding, we examined their ability to oligomerize, a prerequisite for DNA binding. In the experiment presented in Fig. 5 , we have determined the ability of the gene 4 proteins to form hexamers and heptamers in the presence of a 50-mer oligonucleotide and β, γ-methylene dTTP as previously described (20) . In this assay, the altered proteins, gp4-K467A, gp4-K471A, and gp4-K473A formed more heptamers than hexamers as compared to the wild-type gp4. It was previously reported that only hexamers, not heptamers, bind ssDNA (20) . Fig. 3 . Leading-strand DNA synthesis mediated by gp5/trx and gp4. DNA synthesis mediated by gp5/trx and gp4 was measured in an assay containing 10 nM M13 double-stranded DNA with a 5′-ssDNA tail on the interrupted strand as depicted in the inset, 0.5 mM dATP, dCTP, dGTP, [α-32 P] dTTP (0.1 μCi), 10 nM gp5/trx, and 20 nM hexamer of the indicated helicase. After incubation for the indicated time periods at 37°C, the reactions were stopped by the addition of EDTA to 25 mM final concentration. The DNA synthesis activity is expressed in terms of the quantity of [α-32 P] dTMP incorporated as measured by liquid scintillation counting and plotted using Graphad prism software. The y axis is plotted in log 2 scale. Error bars represent the standard deviation of three independent experiments. Fig. 4 . T7 gp5/trx enhances unwinding of DNA by wild-type gp4 and loop II variants of gp4. (A) The minireplication fork depicted was prepared by annealing a short primer of 23-mer oligonucleotide to the 3′-end of a 54-mer oligonucleotide to which had been annealed a 66-mer oligonucleotide bearing a displaced ssDNA tail with a 5′-32 P. The substrate has loading sites for both helicase and polymerase. (B) DNA unwinding activity of wild-type gp4, gp4-K467A, gp4-K471A, and gp4-K473A in association with T7 gp5-Exo − ∕txt. In this assay, we have used the minireplication fork depicted in A. Error bars represent the standard deviation of three independent experiments. (C) The gel photograph shows a representative picture of the unwinding reactions carried out by gp4 variants in association with gp5-Exo − ∕txt.
Thus, the results suggest that the lysine residues in the central β-hairpin play a role in the ability of gp4 to convert from heptamers to hexamers. Gp4-N468A binds ssDNA poorly (Fig. 2A) . These results, taken together, suggest that the basic residues, namely, Lys-467, Asn-468, Lys-471, and Lys-473, play a major role for the function of the β-hairpin loop II in recruiting ssDNA in the central core of the hexameric ring of T7 helicase.
Single-Molecule Analysis of Leading-Strand Synthesis Mediated by
Gp5/trx and Gp4 Variants. The results so far presented show that gp4-K467A complements T7Δ4 phage growth and mediates leading-strand synthesis in association with gp5/trx. However, the gp4 variant is significantly defective in ssDNA binding, ssDNA-dependent dTTP hydrolysis, as well as ssDNA-dependent hexamerization and DNA unwinding. Because gp4-K467A forms fewer hexamers, we might observe leading-strand synthesis mediated by a fraction of the proteins used in the reactions. These possibilities are difficult to address with ensemble averaging experiments. Therefore we have examined leading-strand synthesis mediated by gp4-K467A using single-molecule techniques.
The procedure for the leading-strand synthesis assay using single-molecule techniques was followed as described by Lee et al. (6) with a slight modification (Fig. 6 A and B) . Bead-bound and surface-tethered DNA were preincubated with T7 gp5/trx and T7 gp4 in replication buffer with dNTPs for 15 min. Next, the flow cell was washed with 15 flow cell volumes of replication buffer with dNTPs. Decreasing the wash time was found to improve yield of observed primer extension events, thus increasing throughput, with the gp4 mutants. Typically, wild-type gp4 and gp4-K471A experiments were carried out with 15 flow cell volumes of washes, whereas only three flow cell volumes were used for gp4-K467A and gp4-K473A. Finally, DNA synthesis was initiated by introducing replication buffer with dNTPs and MgCl 2 . From the data presented in Fig. 6C , the rate of leading-strand synthesis mediated by gp5/trx and wild-type gp4 is 155 AE 9 bp∕s (n ¼ 35) in good agreement with the previous results (6, 21) . Gp4 K → A β-hairpin loop variants (gp4-K467A, gp4-K471A, and gp4-K473A) were also able to support wild-type rates of strand-displacement synthesis (Fig. 6C) . The finding that these variants, especially gp4-K467A, support strand-displacement synthesis at 175 AE 11 bp∕s (n ¼ 20) as well as does the wild-type protein supports our biochemical and genetic results. However, the relative number of observed replication events for gp4-K467A seems to be significantly lowered as compared to wild-type protein, provided by the fact that we had to lessen the stringency of the wash between preassembly and activation of the helicase and polymerase activities with MgCl 2 to see these replication events. We speculate that the decreased number of events could arise from only a fraction of the proteins used in this assay forming hexamers as evidenced in Fig. 5 and their assembling with gp5/trx; however, we were unable to obtain the statistical information pertaining to this speculation in single-molecule experiments.
Discussion
In the present study, we have focused on the β-hairpin loop of the T7 helicase, a loop that is physically located in the central core of the hexameric protein. The β-hairpin loop is located between helicase motifs III and IV. The location of this loop and its basic charge make it a likely candidate for a role in the binding of ssDNA. Such a role is supported by studies on the corresponding DNA-binding β-hairpin loops from other hexameric helicases including SV40 LTag, UvrB, and BPV E1 (13, 22, 23) . Altering residues His-465, Leu-466, and Asn-468 of the β-hairpin of the T7 helicase has the greatest effect on helicase associated activities as compared to the other residues in the loop. It seems likely that these three residues either play a critical role in the structure of the Fig. 5 . K → A β-hairpin loop proteins defective in forming hexamers in the presence of DNA. Oligomerization assay for wild-type and altered gp4 in the presence of the indicated concentrations of 50-mer ssDNA were carried out as described by Crampton et al. (20) . Reactions were carried out in 20 μL volume containing 220 nM (hexamer) wild-type or altered gp4, 5 mM β, γ-methylene dTTP, and 50-mer ssDNA. After incubation at 37°C for 20 min, glutaraldehyde was added at 0.033% and further incubated for 5 min at 37°C then loaded onto a 10% nondenaturing gel. The state of oligomerization of the proteins was determined after staining the gel with Coomassie blue. Fig. 6 . Single-molecule microscopy of leading-strand synthesis. (A) Schematic representation of the experimental arrangement as described by Lee et al. 6 . Phage lambda DNA molecules bearing a replication fork at one end are attached to the glass surface of a flow cell and by the other end to a bead. The flow cells were placed on an inverted microscope and the beads were imaged using a digital CCD camera. (B) Duplex lambda DNA (48.5 kb) is attached to the surface of the flow cell via one of the 5′-end of the fork using biotin-streptavidin interaction, the 3′-end of the same strand is attached to a paramagnetic bead using digoxigenin-anti-digoxigenin interaction. Gp5/trx and gp4 are preassembled at the replication fork in the presence of dNTPs. The reaction is started by the addition of MgCl 2 and dNTPs. The positions of the beads are recorded and analyzed as described in Methods. (C) Rate and processivity of strand-displacement synthesis of T7 gp5/trx associated with the wildtype or altered gp4. Examples of single-molecule trajectories for strand-displacement synthesis are shown. Rate and processivity is calculated by fitting the distributions of individual single-molecule trajectories using Gaussian and exponential decay distributions, respectively. Values represent the mean with the standard of the mean as error.
β-hairpin loop and/or the coupling of DNA binding to the hydrolysis of dTTP. In T7 gp4, the central β-hairpin loop emanates from His-465, which interacts with the γ-phosphate of the bound NTP and is involved in phosphate sensing (20, 24) . The adjacent residue Leu-466 can be replaced by a few highly hydrophobic residues for the function of gp4 in phage growth suggesting that substitution of Leu-466 with alanine or less hydrophobic residues might perturb the mechanical link between the β-hairpin loop and the nucleotide-binding site.
Examination of the central cavity of a hexameric crystal structure of the T7 helicase reveals a potential DNA-binding "groove" formed by the β-hairpin loops (Fig. S3) . However, such a positive electrostatic groove is discontinuous in the heptameric structure (8, 25) . It is likely that this architectural difference prevents the heptamer from binding DNA within the central cavity as observed in biochemical analyses (20) . Oligomerization assays show that the basic residues Lys-467, Asn-468, Lys-471, and Lys-473 are important for gp4 in forming hexamers. Formation of a productive helicase-nucleic acid complex is a crucial rate-limiting step in the DNA unwinding mechanism of T7 helicase (26) . Our results show that substitution of these basic residues with alanine leads to a decrease in the affinity for ssDNA and in the unwinding of DNA. We propose that the basic residues in the central β-hairpin play a role in recruiting ssDNA into the central channel and that they are important in conveying the occupancy of the loop to the catalytic site, probably through His-465. This communication allows for the activation of dTTP hydrolysis in the presence of ssDNA. The exact mechanism of ring-opening is not clear from this study. It has been proposed that heptamers lose one subunit in the process of encircling the DNA (20) . A similar mechanism has been proposed for RuvB protein in which the loss of a subunit from the heptamer accompanies binding to dsDNA (27) .
A fundamental feature of hexameric helicases is the adoption of staircase architecture by the β-hairpin loops through a set of interactions involving a basic and acidic residue from adjacent subunits (28) . The crystal structure of gp4 reveals such an interaction of β-hairpin loops through Lys-467 and Asp-470 of adjacent subunits in hexameric gp4 (Fig. S3) . However, such spiral staircase architecture is missing from the heptameric gp4. It seems likely that Lys-467 is the most important player in the formation of this negatively charged cluster in the central channel, as evidenced from the conserved nature of a lysine residue in similar position of central β-hairpins from other hexameric helicases (Fig. 1B) . This residue also lines the wall of the groove formed in the hexameric gp4 (Fig. S3) . The substitution of Asp-470 with alanine does affect the helicase associated functions of gp4, but nonetheless the helicase retains nearly 25-40% of the wild-type activity. Therefore, we believe Lys-467 has another interacting partner from the neighboring subunit, a partner that is yet to be revealed. It was shown previously that interactions of Asn-468 of loop II and Arg-493 of helicase motif IV from the adjacent subunit are critical for interactions with DNA (29) . Some of the other residues in helicase motif IV implicated in DNA-binding are Arg-487 (10, 11) and Gly-488 (11), also found to line the DNA-binding groove and are in close proximity to Lys-467 in the crystal structure.
A dynamic interaction between gp4 and gp5/trx increases the rate and processivity of leading-strand DNA synthesis (21) . The results obtained with gp4-K467A support a "Brownian" ratchet mechanism (Fig. 7) that has been proposed for other helicases (30, 31) . In gp4-K467A, dTTP hydrolysis is nearly uncoupled from DNA unwinding. Our finding that gp4-K467A performs like wild-type helicase during strand-displacement synthesis with a marginal difference in the rate and processivity of DNA synthesis supports a model in which gp5/trx acts to limit backward movement of the helicase (Fig. 7) . Evidence for backward movement of the helicase was found previously from identification of an altered protein that has a higher ratio of DNA unwinding to dTTP hydrolysis (32) . Any backward movement of the helicase will be reduced by the presence of the DNA polymerase, thus enhancing the unwinding of DNA (7) . Not surprisingly, movement of gp5/trx in the 5′-3′ direction during DNA synthesis and its physical interaction with gp4 pushes the latter in the same direction. Our results show that pushing of the gp4 by gp5/trx is able to augment DNA unwinding if the helicase can slide on DNA. Such a polymerase pushing effect is proposed for T4 gp41 and E. coli DnaB (33, 34) . We propose that gp4-K467A represents a "sliding" conformational form of the helicase that relies on gp5/trx to push it forward, substituting for the dTTPase-driven power-stroke of the helicase. However, recent studies have shown in the absence of the gp5/trx, gp4 unwinds DNA through a partially active mechanism (35) . Gp4-K467A, devoid of unwinding activity alone, supports leading-strand synthesis in the presence of T7 DNA polymerase suggests a passive mechanism for DNA unwinding by gp4-K467A when it is coupled with T7 DNA polymerase.
Materials and Methods
Genetic and Biochemical Bulk Assay for Wild Type and Variants of Gp4. Phage complementation assay, ssDNA-dependent and independent dTTP hydrolysis assay, ssDNA-binding assay, dsDNA unwinding assay, protein oligomerization assay, and leading-strand DNA synthesis assay were performed as described in previously (36) . Details of assay procedures can be found in the SI Text. Fig. 7 . Unassisted versus assisted DNA unwinding byT7 gp4. The hexameric gp4 alone translocates on ssDNA from 5′-3′ direction coupled with NTP hydrolysis. Once gp4 finds a double-strand junction, its translocation speed weakens and with NTP hydrolysis it destabilizes a region of dsDNA near the junction and translocates slowly because of the hindrance caused by the complimentary strand. In the process of nucleotide release, helicase may undergo back slippage because of sliding by Brownian motion. The slow unwinding of a fork-ended duplex by an unassisted gp4 is the effect of its dTTPase-driven duplex destabilization and back slippage. However in the gp5/trx assisted reactions, both gp5/trx and gp4 together perform strand-displacement synthesis on replication fork substrate, where translocation of gp4 and DNA synthesis by gp5/trx collectively destabilizes the dsDNA junction and gp4 passively traps the displaced strand leads to no further decrease in the helicase associated translocation speed. The rate of DNA synthesis by gp5/trx maintains the translocation rate of gp4. The faster unwinding of a replication fork by an assisted gp4 is a result of the total effect of the duplex destabilization by gp5/trx and gp4, the directional translocation, and prevention of back slippage of gp4 by gp5/trx.
Single-Molecule Microscopy. Single-molecule leading-strand DNA synthesis assays were performed as described by Lee et al. 6 . Phage lambda DNA molecules bearing a replication fork at one end are attached to the glass surface of a flow cell and by the other end to a bead (see Fig. 6 ). The flow cells were placed on an inverted microscope and the beads were imaged using a digital CCD camera. Typically, an area of 850 × 850 μm was imaged with a time resolution of 200 ms. Particle-tracking software (Semasopht) was then used to determine the center position of every bead for every frame with a precision of 10 nm. About 100 individual, tethered DNA molecules can be observed simultaneously, allowing for a high data throughput.
Bead-bound and surface-tethered DNA were preincubated with 20 nM T7 gp5/trx and 20 nM T7 gp4 (wild-type gp4, gp4-K467A, gp4-K471A, or gp4-K473A) in replication buffer (40 mM Tris 7.5, 50 mM potassium glutamate, 2 mM EDTA, 0.1 mg∕mL BSA) with 700 μM each dNTP and 10 mM DTT for 15 min. Next, the flow cell was washed with replication buffer with dNTPs and DTT. Finally, DNA synthesis was initiated by introducing replication buffer with dNTPs, DTT, and 10 mM MgCl 2 . After particle tracking, traces were corrected for residual instabilities in the flow by subtracting traces corresponding to tethers that were not enzymatically altered. Bead displacements were converted into numbers of nucleotides synthesized, using the known length difference between ssDNA and dsDNA at our experimental conditions (6) . The resultant traces were smoothed and fitted with series of line segments to determine rates.
